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1. INTRODUCTION AND SUMMARY

1.1 Problem

The temperature appearing in the solar cell circuit of a solar
probe can amount to between -60° C and +200° depending on the con-
dition of the entire surface (spin stabilized, axis of spin per-
pendicular to the ecliptic). The light intensities thus acting on
the solar cell vary between O and ca. 11 solar constants at dis-
tances from the sun of between l.Q and 0.3 AE. The first part of
this experimental study will report on the special characteristics
of the solar cell, even at these extreme applicatioﬁ demands. The
object of the second part is to investigate the teéhnological and
physical problems which arise during the production of the solar
cell panel. This deals with the following main elements:

- cell connection techniques (soldering, welding)

- cover glass bonding techniques (adhesion, thermodiffusion)

- application process (cementing the cell with isolating

base foil and structure) |
- module technique  in connection with reflectors (second-

surface mirrors).

The problems to be investigated relate to:

- optical and thermal behavior in the vacuum (measurement of




transparency, vaporizations, UV degradations,
heat gradients and other characteristics)‘

- mechanical behavior (static and dynamic stability with
variable temperature)

- behavior during thermal shocks

- eleectrical behavior before and after production and test
processes

- technical practicability

1.2 Course of the Study

The tasks summarized in the '"Problem' section were completed
under contract of the Siemens Company. Originally the studies were
to begin in the middle of May and last 7% months to the end of the
year. At the beginning of September a verbal communication from
the Society for Space Research informed us that tﬁe contract was
to be granted to Siemens/Bolkow. On the strength of that, prepared
studies were begun with the firm already in August. In November
the SSR held out the prospect of an extension of the studies to
1-31-69; this was confirmed at the end of December.

Because of this shortening of the available time, some of the
points in the originally planned.program could not be intensively
studied. 1In addition, there were several repeated program changes,
which had changed the conceptions of a solar probe. TLate delivery

dates, especially for solder, foils and adhesives, caused further




de.ays. This effected in particular construction of the modules
and their long-term tests as well as the measurements of the thermal

balance of the module,.

1.3 Summary of the Results

1.31 Cover Glass Assembly

In the temperature region from -60° C to 200°C as well as at
solar intensities from 1 to 11 suns (140 mW/cm? to 1550 mW/cmz) the
use of the conventional cover glass assembly utilizing transparent
adhesives is possible in principle. The behavior in the thermal
vacuum as well as the separation tests at various temperatures
support the use of the transparent adhesive XR - 6 - 3489 from Dow
Corning. First irradiations with.UV over a period of ca. 900
equivalent sun hours caused discolorations. A final pronouncement
on UV degradations can only be made after further intensive studies
havé been completed.

Other connection techniques are possible. Partial gluings
on the contact grid as well as connections by thermodiffusion between
the cell grid and the cover glass grid were successfully achieved.
The latter process is a significant step toward realizing solar

cell modules without using organic materials. Further investigations,

however, would be necessary in order to make the process practicable.

1.32 Cell connection

The most favorable connection technique proved to be welding




with silver mesh connectors (2AG5-6/0 Exmet) and Cu-W electrodes.
The separation strengths were over 1000 p (reproducible). The
applicability of this connection process may extend far beyond the
temperature regions defined here (temperature behavior of silver).
Thermal shock and vibration tests produced no changes. The electri-
cal behavior before and after the welding remained unchanged. Con-
trary to expectations, the impulse welding proéess proved to be more
practical than the soldering process applied earlier. It may also
be more practical than the process for heatéble solar cell c¢ircuits
devéloped in the U.S.A. to secure the:electrical cell connectors by

means of thermodiffusion (Ref. 2)

1.33 Base Foil

The usual commercial Cu-Kapton connection foils are unstable
in the vacuum at temperatures above 200° ¢ (bubble formation due to
volatilization of the adhesive). Some unions of Kapton and Cu
foil with XR-6-3489 DC produced stable base foils after previous

roughening of the Kapton foil by sand-blésting.

1.34 Complete Module

The results of tests on the module can be summarized as follows:
- Shock, climate and vibration tests caused no mechanical
changes. The electrical degradation by tests as well as the
production process lay within the limits of measurement

accuracy.




- The load on the solar simulator extended to 19 solar constants
(temperatures to 360° C, no reflectors).

- Measurements of the thermal balance on the module with
reflectors (SSM) produced temperatures around 200° C at 11

solar constants with perpendicular radiation.

1.35 Module and Production Technique

The previous production technique and equipment were adapted
to the new materials to be utilized and the new techniques. The
new module technique showed itself to be more expedient than the
earlier standard process aside from the extended temperature region

for the module.

2. CELL CONNECTION

2.1 Investigated Connection Techniques

Main demands on the cell connections are:

- optimal electrical conductivity

- good mechanical adhesion

- temperature stability between -60° C and 200° C incl.

thermal shock stability

- minimal degradation of the solar cell
- simplest possible operation process

- simple exchangeability of damaged solar cells




For these demands soft-soldering, hard-soldering and welding

connections are to be considered.

2.2 Soft-soldering

2.21 Selection of High-melting Soft-solder

The selection of the soft-solder was maae on the basis of the
highness of the melting point. One had to note, moreover, whether
the alloy possessed an eutectic. Alloys with eutectics are usually
indicated by smaller thermal shock and vibration stability. Alloys
with saturated silver content were preferred since this prevented
the vaporized silver layer of the solder bar on the solar cell
from being attached during soldering.

Long delivery periods and late deliveries by the producer
hindered the tests with soft-solder. Thus, only a small number
of the soft-solder tests could be completed.

For normal use a low-melting solder was used: Soldamoll 170
(3% Ag, 37% Pb, 60% Sn, melting point 170° C). The required high
temperature stability demanded higher melting solders. The special
soft-solder of the Degussa Company was used.

The solder alloys formed are alloyed from materials at least
99.99% pure and are molten under vacuum. They are oxide-free and
can thus also be utilized for complicated soldering without the
use of fluxing agents. The solders 626, 627, 628 ought to be
especially suitable for soldering which demands changes of tempera-

ture. Withthe exception of solders 612, 617, 626, 627 and 628,




TABLE 1

Special Soft-solder

s lo. ' Other 1 . <
Nr. Pb Sn In Ag Au Sonst., Solidus Liquidus
°c °c
605 95 ’ 5 304 370
606 92,5 5 2,5 304 347
607 . 92 8 285 - 305
608 87 8 5 B 294 397,
609 83 7 10 307 380
612 60 5 32 -~ 3 Ri 290 577
618 9 15 76 246 383
622 95 , 5 Cu 227 375
629 90.8 8 . L2 | | 290 320

Legend: 1 - Solidification point; 2 - Melting point

be delivered in foil or stamped form, the delivery forms of the
remaining.alloys are wires, foils and stamped parts. Of the
soft-solders in Table 1 only solders 608 and 609 could be investi-

gated in conjunction with the present contract.

2.22 Soldering Process

Flux agents (Soldaflux A, rosin, or Castolin 154 C) were

applied in alcoholic solution to the Ti - Ag contact layer by




means of brushes and were air dried before soldering or were applied
as a paste over a template to the predetermined position. The cells
were degreased prior to soldering with coloradol in an ultrasonic
cleaner and were cleaned with 180 U from the Bandelin Company.

180 U dissolves sulfide and oxide layers on the soldering bars.
Finally the cells were rinsed in destillated Hy0 and washed after

an alcohol bath. The cleansed cells were then placed in the solder-
ing equipment and covered with a sheet of silver mesh (3 mm wide;
Exmet Corp.; 2AG5-6/0) as the soldering connector with stamped
soldering foil (1.5 x 0.05 mm, plated). The melting temperature

of the solder was reched with a resistance heated tantalum electrode
(cf. Fig. 1). A digital impulse welding apparatus from Hughes
(Model Mc W550) was used. Adjustéble parameters are impulse duration
( 1 ms - 10 s), the constant output potential (0 - 1 V) and the
electrode contact pressure (0.5 - 2.4 Kp). The impulse was stimu-
lated by foot pressure; triggering pressure and stopping pressure
are identical. Every impulse forms a solder joint between the cell

and soldering connector.

2.23 Results

The soldering parameters known for Soldamodel 170 were not
suitable for the high-melting soft-solders and had to be changed.
In order to reach sufficient, high-melting temperatures, soldering

duration and output potential had to be greatly increased. This




shock-1like increase of the temperature and the soldering point
caused cell breakage in most cases before a complete flowing of the
solder could be attained.

Separation tests showed that the joints thus formed were not
genuine hot-solder joints but a bonding over the flux. A further
temperature increase during soldering\is not possible with this
method of connection due.to the sensitivity to breakage of the
cells. Similar difficulties did not appear with standard Soldamoll
170 (melting point 180° C). Fig. 2 shows a silver mesh - Soldamoll

joint.

2.3 Hard-soldering

2.31 Selection of Low-melting Hard-solders

The selection of the hard-solders was made on the basis of the
highness of the melting temperature. Just as with soft-solder, hard-
solders with eutectics can manifest a brittle behavior, which leads
to difficulties during thermal shocks. High silver content of the
hard-solder was desired to prevent a dissociation of the silver on
the soldering strand. Solders containing cadmium were not considered
on account of the high vapor pressure of cadmium. Long delivery
periods of the alloys selected in the form of foils delayed the
tests. The hard-solders which were used were vacuum hard-solders

from the Degussa Company.
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TABLE 2

Vacuum Hard-solders

i Zusammenselzung 2‘ Schmelz-3!  Arbeits-f | Anwendung fir Werkstoffkombinationen §
Lotl o Gewichts-%, bereich temperatur X = geeignet, — = bedingt geeignet
Nr. ‘ 5 i | ' ] i | i
) i Ag ! Au !l Cu ; Sonstige [*Cj] [°C] Cu | Ni |Cu/Ni|Ni/Cu| Stahl Fe/Co:Fe/Ni Fe/Cr' Kovar @ Mo
~ i ! | ‘Other i [ | } i . | Vacon o
; | | i ’ i :
VH 570 E 33 ! 54 — . 13 Ge! 530-550 570 X | X X X X X X l X l X X
; : ‘ i :
vHsso | | _ | 834l —_— ] = |
VR od) L e ~ 1178 577 580 . —— = - ! X X
o -
VHew a2 — 53 l25 S| 63 60 | x| x| x| x]|x]|x x{x' —
i ! ! ~ ; ' '

Legend: 1 - Solder No.; 2 - Content by weight - %; 3 - Melting
region; 4 - Working temperature; 5 - Application for
combinations of construction materials, x = suitable,

- = unsuitable
The solder alloys formed are alloyed from materials at least

99.99% pure and are molten under vacuum. They are free of oxide

and can thus also be used for complicated soldering without the

utilization of flux agents. Forms delivered are wires, sheets,

stamped parts and powder. Solder powers are delivered in grain

sizes of 100 and 250 . HV 570 is only in the form of bands or

stamped parts, VH 640 only in powder form.

2.32 Process

The solar cells were cleansed as in soft-soldering and
placed in a mounting, covered by cleansed silver mesh (Exmet Cor-
poration 2 AG5-6/0) with hard-solder foil (SQf;thick, 1 mmz), or
with solder VH640; covered with dry soldering powder, and hard-

soldered with the Hughes impulse welder. Molybdenum electrodes
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(Hughes ESQ-2545-00) with a 0.1 mm gap were used as welding elec-
trodes. The electrode pressure was varied between 1 kp and 1.5 kp
the potential between 1.35 V and 1.99 V, and the impulse duration
between 0.45 s and 9.5 s. The hard-soldering was done partially
with and partially without flux. The separation strength was

measured perpendicular to the surface of the solar cells (cf. Fig. 10).

2.33 Results

The results are summarized in the following tables:

TABLE 3

Hard-soldering with Degussa Vacuum Hard-Solder (33% Ag;
54% Au; 13% Ge; foil of 50u thickness)

Flukx Welding Welding Electrode |Separation
Flufim. Schwei3- Schwei3- Elektroden- Abreif3-
Sg%gﬁ%ggl é%¥g¥ion pré¥§ﬁ¥é str§€§§h+¥)
_ - V4 - ms - kp p
nein no 1,95 950 1,0 0
ja yes 1, 95 850 1,5 800
ja yes 1,95 950 1,5 0
ja yes 1,95 950 1,5 500
ja yes 1,75 950 1,5 225
1 ja yes 1,175 850 1,5 0

+) at 8 mm solder width with 4 impulses
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TABLE 4

Hard soldering with Degussa Vacuum Hard-solder VH 580
(88.3% Al; 11.7% si; foil of 50u thickness)

7

i Separation |
g Geldmg | Wldme | Haemln | STREET |
spannung dauer druck kraft +)
potential duration pressure |strength +)
v ms kp
Ja yes 1,35 450 1,0 0
ja yes 1,55 4590 1,0 0
ja yes 1,55 650 1,0 0
ja yes 1,75 650 1,0 0
nein no 1, 99 750 1,0 0
nein 1O 1,99 750 1,4 0
nein 1O 1,99 750 1,4 0
nein 1NO 1,99 950 1,4 0
nein 1O 1,5 9500 1,4 0
nein 71O 1,5 550 1,4 400
+) at 8 mm solder width with 4 impulses
TABLE 5
Hard-soldering with Degussa Vacuum Hard-solder VH 640
(42% Ag; 33% Cu; 25% Sn; powder grain size < 100 .,)
Flux Weldin i
Fluflm. Schweﬂ%- gﬁ%&éﬁ - Zgﬁﬁgggggf— Ségaggfaon
spannung " dauer, f ‘druck kraft +)
potential | - duration | pressure strength +)
v ms kp p
ja yes 1,75 500 1 0
ja 7 yes 1,175 900 1 0
ja yes 1,75 800 1 0
ja yes 1,75 - . 900 1,5 500

+) at 8 mm solder width with 4 impulses
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As can be seen from Tables 3-5, the necessarily high temperatures
during hard-soldering led to cell breakage in most cases (separation
strength 0), so that no reproducible connections could be fabricated.

In part adhesion took place, but this was caused by flux
adhesion. Because of the shortness of available time, very few
tests could be completed. Using smaller quantities of hard-solder
(thinner solder foil) could have led to better results. The good
results from the welding technique (cf. Ch..2.4) made further hard-

solder experiments unnecessary.

2.4 i Welding

2.41 General Comments

Silver foil and silver mesh proceeded as in 2.2. The cleaning
of the silver contact layer on the cell with éﬁ eraser pencil or glass
hair proved to be too coarse since the layer strength of the silver
is only a few u thick.

The welds were accomplished with the Hughes impulse welder.

Since at first the proper kind of silver mesh was not available,
work was begun with a 50 4 silver foil. The welding electrodes
used here consisted of molybdenum (Hughes ESQ - 1525 -00). Shape
and material were later changed with mesh welds. Our experiences

are summarized in the following.

2.42 Welding Smooth Silver Foil

The first tests already showed that the welding method is
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o Bl it st e
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Fig. 1 Impulsé heated tantalum electrode

L3 -

Solder union of silver mesh Soldamoll 170 (silver
grid is pressed flat below by the resistance

electrode. Solder visible between the silver mesh
grids.)
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very suitable for the comnection of solar cells (Table 6). A 50«
strong Ag foil was directly welded. Table 6 shows the forces that
are necessary to tear a 1 mm wide Ag foil strip perpendicularly
from the solar cell. Welding potential and time were varied also.
In part cells stored for a longer time, whose contact layers were
yellowed by oxidation and sulfide. formation, were used. Experiments
with molybdenum electrodes with increased contact surface (Hughes
ESQ 2545-00) bought about only minor improvements.

With smooth silver foil the transition resistence to the silver
layer of the solar cell is generally very diversified, so that the
adhesion after welding was very irregular. Raising the welding
»potential or lengthening the welding time often caused the silver
foil to be fused outside the welding point, so that the foil itself
tore near the weld during separation tests. Normally the separation
occured in the weld, however.

Tables 7 and 8 show further results of welding samples. With
these tests the cell was previously cleaned with J80U. A small
increase in the separation strength could be attained.

Increasing the silver layer on the solar cells three, four
and fivefold produced no better results (see Table 9). A signifi-
cant increase in the welding time, however, bought good results.
The experiment with surrounding the electrodes with argon as a

protective gas did not lead to better results.
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2.43 Welding Silver Foil by the Projection Welding Method

With this method a double depression (0.7 mm proximity, depth
604 , rim -9 ca. 0.1 mm, 90° cone point) is impressed in the silver
sheet, so that the weld points are determined after applying the
flat electrodes. Welding with the projection welding method pro-
duced a more regular adhesion. This is based on the apparently
smaller transition resistivity between the foil and the cell. Both
methods of welding (projection, smooth) were tried on a cell type

(Siemens type V).

2.44 Welding Silver Mesh

Tests‘with the projection welding method allow one to expect a
good connection when welding silver mesh. The first experiments in
which silver mesh was welded with silver mesh confirm this suspicion.
Under strain the silver mesh tear before the weld point for these
welds.

The optimal welding of silver mesh is highly dependent
on the structure, flexibility and thickness of the mesh. There-
fore, extensive pre-tests were undertaken on various types of
mesh (Exmet Corporation 2 AG5-6/0; 5 AG5-6/0, 5 AG5-5/0; 2 AGL0-2/0OE;
Table 11). After the selection of suitable silver mesh types,
various solar cells were welded with molybdenum electrodes (Hughes -
1525 - 00). The separation strengths with the stress perpendicular

to the cell lay between 450 and 600 p. (Table 12).
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TABLE 6

Welding Silver Foil (504 ) to Soldering Bars or the Cell
Backside. Cleaning the Contacts with a Glass Hair Brush
(electrode pressure 500 p)

Welding Welding Separation Welding Welding .
Schweib~ — Schweif~ Abreil- g o per Schwei8~ SchweiB- ~ Abreis- Separation
L Sommng, ot 130 weld point pg%ﬂﬁ%ﬁd.ﬁﬂ%tionk”ft force per
172w as (p) : ) (ns) (p) weld point
pre._ . pro,
Schwal Schweib-
punkt punkt
0,8 200 100 lelle 26EN66 0,8 35 40 lelle 269740
0,8 150 130 vergilbt; 0,8 30 40 vergilbt;
0,8 100 150 Zellengrid 0,8 40 50 Zellengrid
0,8 80 160 0,8 45 70
0,8 250 150 Telle 266466 03 zg ,618
0,8 200 160 vergilbt; ! :
0,8 1% 170 0,8 40 80 . lelle 269T40
0,8 100 165 lellenunterseite 0,8 35 - vergilbt;
0,8 80 100 0,8 50 70
0,8 60 160 0,8 55 60 Zellenunterseite
0,8 50 ¢ 140 0,8 5 50
0,8 40 200 0,8 60 60
0,8 100 170 Telle 266442 0.8 ‘7’8 e .
0,8 -80 140 vergilbt; i
0,8 60 190 Zellengrid 0,8 60 - lelle 2821120
0,8 50 110 0,8 0 60
0,8 40 110 0,8 80 - lellengrid
1L 0,8 80 110
0,8 200 135 Zelle 266M42 0’8 9 180
0,8 150 © 1200 0 vergilbty '0’8 100 120
0,8 - 150 130 ¢ Zellenunter- 0.8 10 20
0,8 80 160 © seite !
0,7 80 90 0,8 60 Lo Zelle 2827120
0,9 80 130 0,8 70 60 : :
0,8 3% 20 0,8 80 50 Zellenunterseite
0,8 90 60
0,8 40 30 vergilbt; 0.8 110 90
10,8 L5 0 Zellengrid 0.8 120 100
} 08 4 " ~ 0.8 140 %0
0,8 Lo - Zelle 2661461 0,8 150 80
0,8 T TR T TR0 T vergilbty o i -
0,8 . 50 90 Zellengrid :
0,8 5 40 . ‘ ‘
0.8 ~55 e I - key: Zelle = cell
0,8 60 60 - - vergilbt = yellowed
g@ % g 4 : - Zellengrid= cell grid
! Zellunterseife = .
ce underside
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TABLE 7
Welding Silver Foil (504 ) to Solder Bars, Cell Cleaned
with J890 U
Cell Welding Weldin Electrode Separation
Zellen Schweifl~ Schweil3- Elektroden-~ Abfﬂéa}]_.@é ‘
%(‘)'a. pséjtaenr{lgilgl tzi%%é pxqerélsclll(re Selfr%%ild .
v ms © p - o S%O“i%lg“
; punkt :
P
2927T88 1 30 500 - 50
1 30 500 0
0,9 30 500 ‘ 80
0,8 30 500 0
0,8 30 500 . 150
0,17 30 500 0
0,7 35 ‘ , 500 0
291T75 0,8 40 500 200
0,9 40 500 40
0,9 50 500 80
0,9 20 500 50
0,8 30 500 0
291T14 0,8 30 500 0
0,8 20 500 0
0,7 40 500 0
0,7 40 500 0
0,7 50 : 500 o
0,7 60 : 500 0
0,8 60 500 0
291T18 0,7 60 V 500 0
L 0,8 30 500 0
) 0,9 20 500 0
0,9 .20 500 0
0,8 30 500 0
0,8 150 500 " 120
28271217 0,8 70 . 500 230
0,8 70 - 500 20
0,8 60 500 | 0
0,8 '

-

60 ' 500 - 0
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TABLE 8

Welding 50, Silver Foil to the Underside of the Cell,
Cell Cleaned with J80 U

f

Ce : din Weldin Electrode Separation
Z\e;llelnl ‘ : vgce'n\.:«LeiG]-'- & Schweia—g Elektroden- AbreE1)8~ 8%06
“Nro spannung zeit druck kraf§ '
pro Sgh
v s P punkt%§§§%g¥t
Y
1" 2821146 1,0 30 500 170
1,0 30 500 0
1,0 30 500 - 120
1,0 30 500 200
1,0 30 500 0
0,9 30 500 0
0,9 30 500 60
0,9 70 560 €0
0,9 50 500 180
0,8 30 500 30
0,8 30 500 30
2821147 1,0 30 _ 150
: 1,0 30 60
1,0 30 170
1,0 30 500 210
1,0 30 500 0
1,0 30 500 220
1,0 30 700 280
1,0 30 800 gebr,
1.0 30 350 190
1,0 30 350 ’ 170
1,0 30 350 260
1,0 30 350 210
1,0 30 : 350 270
1,0 30 350 350
12821151 , 1,1 30 500 180
. 1,2 30 - . 500 120
1,2 30 500 80
N 1,2 30 500 240
~ 0,9 000 500 230
0,9 20 500 ‘ 230
0,9 30 500 180
0,9 30 500 170
0,8 30 500 170
0,8 - 30 500 &0
2821174 0,9 30 500 190
- 0,8 30 500 1%0
0,8 30 500 120
0,8 30 ' 500 150
0,7 30 500 0
0,7 30 500 0
1,0 30 500 200
: 1,0 30 - 500 . 110
| 0,9 30 _ 500 150
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TABLE 9

Welding Silver Foil (50« ) to Solder Bars with Strengthened

Silver Layer, Cleaning with J80 U.

Cell Welding Welding Electrode Separation
No. potential time pressure force per
_ weld point
\Y ' ms P P
= :
293T116 1 30 500 0
L 0,9 30 500 0
Grld Wlth O, 8 30 500 5.
4-fold quan- g 30 500 250
tity of Ag ¢ g 30 500 100
293T106 0,17 30 500 0
- o 0,8 30 500 60
Grid with 0, 85 30 500 20
. 3-fold quan- g3 30 500 50
tity of Ag 0, 63 330 500 600
0,58 400 500 400
 282T174 0,58 400, 500 200
- 0,58 400 500 270
0, 58 400 500 260
| 293T106. 0,63 400 500 400
Grid with 0, 63 400 500 250
3-fold quan- 0,63 400 500 425
tity of Ag 0,63 400 500 500
© 0,63 400 500 350
0,63 400 500 500
Grid with  o,63 400 500 350
4-fold quan- g .3 400 500 550
500 650
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TABLE 10

Comparison Between Welding with Smooth and Projection
Solder Connector, foil thickness: 50u cell type 282T 114

Weldin Weldin : Electrode

gy Sl mdiEls RmEpRter
spannung zeit ruc ra )
A : msec P P
Solder connector
Lotverbinder
glattsmooth
1.0 30 600 0
1.1 30 600 0
1.2 30 600 0
0.9 30 600 0
0.8 30 600 0
Solder connector ’
Ldtverbinder
gebuckelt projection :
0.92 80 600 180
1.02 80 - 600 250
0.82 - - 80 600 280

0.72 80 600 380

+) per weld point
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However, a knife-like tantalum electrode produced separation
strengths between 800 and 1200 p. Because of the short working
1life of the Ta electrode due to oxidation, another electrode
matérial had to be sought. A Cu electrode combined with a Mo
electrode was used. Simultaneously the even electrode pressure of
500 p was changed so that one electrode (Cu) was applied with a 250 p
force and the other with 600 p. Welds with this electrode combina-
tion produced separation strengths of 1200 p (fable 12). The working
lifé of the molybdenum electrode was also too short, and the elec-
trode was replaced by a tungsten electrode. With this electrode
combination separation forces between 300 p and over 2.4 kp were
obtained.

After setting the welding parameters at 0.6V welding potential
and 420 ms‘welding duration at an electrode pressure of 250 p and
600 p, separation forces of 21000 p resulted (Table 12). The
separation (perpendicular to the cell surface) occurred not in
" the weld point but in the silver mesh itself.

Figures 6 and 7 show microscopic photos of silver mesh weld
points as they are formed at the W electrode, which presses down
harder on the grid strand. TFigures 8 and 9 show welds on the grids
instead of on the mesh cross points. (The welding zones are recog-
nizable as lighter patches). The iocation of the welding Zzone,
whether mesh cross point or mesh grid, is dependent on the posi-
tioning or the cut of the mesh in the cutting equipment but does

not effect the quality of the weld.
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Mounting

/H‘cslterung

Cu Electrode
Cu-Elektrode

W Electrode -

/ ‘ W - Elektrode

Seitenansicht
Side View

Fig. 5 Schematic of the Cu/W welding electrode
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Fig. 6 Silver mesh weld points (weld point on the
silver mesh cross point)
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Fig. 7 Silver mesh weld points (weld point on the
silver mesh cross point)
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Fig. 8 Welds on silver mesh grids
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Fig. 9 Weld on silver mesh grids




-27-

2.45 Conclusions

Because of the high separation strength when impulse welding
connections to solar cells, the welding method with silver mesh is
eminently suitable for the production of solar cell modules. No
loss of cells due to breakage or flaws during welding or other
mechanical damage could ever be determinea. After setting the
welding parameters on the basis of the separation tests (0.6 V,

420 s, 250/600 p, Cu/W electrodes), they were tested by electrical
measurements for degradation before and after welding. (Measure-
ment of the short-circuit current with brief illumination to prevent
uncontrolled increases in temperature.) The measurements showed

no degradation outside the measurement accuracy of the equipment
used (K2%).

The following tests were completed on individual welding
connections:

Shock test: -196°C (fl. nitrogen) - + 80° (HZO) ca. 20 times

Separation test: (stress vertical) separation strength

100 p, mesh tore (fig. 10)
Separation test: (shearing stress) separétion strength
2500 p, mesh tore (fig. 11).
The separation in the shear direction (parallel to the surface

of the solar cells) is even higher than that perpendicular to the

solar cell surface since with the latter the stress usually leads
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MESH

Dimensions of Various Types of Silver Mesh from the
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TABLE 11

Exmet Corporation

MESH DIMENSIONS

From center-to-center

DESIGNATION

Humber
i opemings

THICKNESS OF

ORIGINAL MATERIAL

STRAND

WIDTH

MAX,
SHEET

/\
4
\
/\

O
&

of joints per sq, in. . - X
(Size) min,max, | 9910, MIN, G MAX. Min, € MaX. WIDTH S
e i T P re TN
1 G405 D20 23" o5 003" i 0zs” 007 ¢ 055" 12" >/
‘ ; L3>
/0 280° i 007 125" 65 003" i 025" Q077 G 0557 7 SIS
2 : ; S <
; i : > >~ >
2/0 1877 L7 0917 120 0020 L 0207 007 | 0357 12" ;
2/08 1877 1048”0717 170 0020 L 015" 007" i 035" 12"
30 a5 i 050" 065" 300 0020 i 015" 003" i 020 12"
-t : :
s 1007 § 075" 08571 250 005 020" 0077 0257 12"
4/0 D077 L 038 04671 625 Q0027 i 0107 003" .020” 10"
50 L 0507 026" 020" 1400 002 0107 0027 101" 6"
- 8/0 0817|0217 0o4 2600 0027 i 007" 0027 009" 5
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TABLE 12

Welding Silver Mesh to Solar Cells

Cell Welding Welding Electrode iipgriglgnlztrégiih
No. potential duration pressure . erd wt
v 4 impulses
ms v : v\p
. } Y L P .
'293T116 | 0,50 330 1 350 600  Mo- !
Grid | 0, 50 £330 500 - 450  Electrodes
293T106 0,50 330 . , - 600
Grid .
293T109 0, 63 400 600 800 Ta-
Grid Electrodes
282T147 0,63 400 600 800 no
Grid
293T114 0, 63 400 ‘ 600 - 1200 "
Grid o
269T23 0,53 400 250; 600 1200 Cu-Mo-
Grid 0, 63 400 ' 250; 600 1200 Electrodes
282T99 0,58 400 250; 600 300
“Grid 0, 60 400 250; 600 600
0,62 . 420 250; 600 800
0, 62 420 250; 600 900 |
\ 0, 63 " 420 250; 600 1000 ;
293T117 0,60 420 250; 600 1000 Cu, W-
Grid : L Electrodes
293T114 0, 60 420 | 250; 600 600
back side 0,58 440 '250; 600 800
I 0, 56 460 250; 600 950
| | 0, 55 500 250; 600 850
270232 0, 54 | 620 ' 250; 600 1000
Grid - 1 o :
270733 0, 60 - 400 250; 600q| 1000
Grid o .
299T55 0, 60 420 250; 600 2400
Grid \ ;
282T42 0, 60 420 250; 600 1250
back side ‘ :
L 782T114 0, 60 420 250; 600 1600
"~ Grid |
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£o separation of the individual weld points one after another.

No difference could be determined further between weld stability

on the solder strand or on the reverse side of the cell. With the
tests cited there were no changes at all, either visual or electrical
(short-circuit cufrent). With respecf to vibration stability see

Ch. 5.

2.5 Comparison of the Processes

In Table 13 the most important criteria for judging the welding
and soldering connection techniques were given.

The first preliminary investigations had already shown that
the welding connections could be produced easier, more quickly,
and with better control than the high-temperature solder connections.
Thus, more and more emphasis was placed on the welding technique.
By eliminating time-robbing work processes like the cleaning opera-
tion and preliminary treatment for thebsoldering technique, as
well as by having a small rate of failure, the welding technique
could be considered much more practical. It is equally suitable
for practically every form of solar panel and for all applications
(especially for lighweight circuits). The section '""Module Con-
struction' will deal with new possibilities for module construction
(production methods other than those now common).

The good adhesion of the cells Ti - Ag layer is essential for
the reliability of all techniques of connection. The cells delivered
(according to Siemens specifications type IV and later type V) ful-

filled these demands.




TABLE 13 Comparison between Soldering and Welding Techniques

Hard or soft soldering

Criteria Welding with high-melting
solders
Cleaning process before connection Not definitely desirable Desirable
after connection Not desirable Desirable

Degradation by connection technique None Frequent cell breakage
Danger of hair-line

cracks

Influence of the connection technique None Flux can attach

on other module components the adhesive

Coefficient of thermal expansion Same Different

between connector and contact material

Control of connection parameters Easy Difficult (flux-

solder dosage)

Disintegration temperature

Ag melting point (960°C)

300° to 635° C

Behavior with respect to dampness

Not sensitive

Not investigated

Climate, shock and vibration tests

No changes

Not investigated

Interchangeability during production
of module

Easy

Difficult

Separation strength

>1000 p reproducible

Not reproducible
(Neither hard nor
soft-solder produceda
reducible connection

Costs

Optimal

High (high rate of

failure; long course
of manufacture)

-Zg-




3. COVER GLASS ASSEMBLY

3.1 Possibilities for Cover Glass Assembly

Various processes are available for the cover glass assembly
of solar cells.

- complete bonding of surface with transparent (optical)

adhesives

- bonding at points withunon-optical adhesives

- mechanical mounting for ﬁhe cover glasses

-~ connection by thermodiffusion (between the cell grid and

a grid on the cover glasses equivalent to a cover

Mechanical mounting of the cover glasses on solar cells
was rejected since it would incur significant disadvantages like
high weight and large volume. In the following, bondings with opti-
cal and non-optical adhesives and bonding by thermodiffusion were
investigated.

The use of optical adhesives caused various problems:

- changing the degree of transmission by UV radiation

- thermal vacuum behavior

- adhesion at various temperatures.

Non-optical adhesives which connected the cover glass and
cells at points or bands also gave the same problems, in part:

-thermal vacuum behavior

-adhesion at an increased temperature

- adhesion at very small adhesive surfaces
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- lessening the degree of effect of the solar cells as a
result of diminishing the active surface by adhesive points

- léssing the degree of effect of the solar cells as a result
of a non-optimal index of refraction transition (crack between

cell and cover glass).

3.2 Optical Adhesives

The adhesives studied were from the Wacker, Dow Corning and
General Electric companies. Similarly, non-optical adhesives were

investigated for the panel assembly.

3.21 Thermal Vacuum Behavior

To study the thermal vacuum behavior of adhesives two small
aluminum blocks were glued together with various adhesives and set
out in a vacuum between 10~ and 107© torrs with temperatures of
200° C. The duration of the test was from 24 to 67 hours. The
samples were then studied for weight loss, shear and tensile strength.
The results are shown in Table 14. 1t was evident that the optical
adhesive XR-6-3489 (Dow Corning) showed the best values. This
underwent, in addition, a long-term test of 410 hours in the thermal
vacuum (240° C, 107® torrs. Loss of weight amounted to 4.6%. No

visual changes could be recognized.

3.22 Adhesion of Optical Adhesives at Various Temperatures

The adhesives XR-6-3489 (Dow Corning) and Sil gel 2000

(Wacker) were tested.
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Key, Table 14

1-  Number 2- Adhesive 3- Temperature 4- Experiment duration
5- Pressure (torrs) 6- Loss of weight 7~ Tensile test kp/cm2

8- Shear test kp/cm 9- Comments 10- Talcum and water glass
11- Broken during set-up of experiment 12- Hardened % day,
break in adhesive; 13- Hardened 12 hours, break in the adhesive

14- Hardened 24 hours; break in adhesive during tensile test; during
the shear test there was a glass-like layer on which the sample

broke 15- Primed, hardened 24 hours, break in the adhesive

16- Primed, hardened 24 hours, break in the adhesive 17- Primed,
hardened; during tensile test a break partially between adhesive

and metal; during shear test break in adhesive 18- Primed, hardened,

break in adhesive  19- Primed, hardened; break only partially in
adhesive 20- Primed, hardened; break in adhesive; since the results
were bad for 300°, there was no test at 400° C. 21- Primed, hard-
ened, break mostly in adhesive 22- Wacker sealing compound

Aluminum samples glued with these adhesives in a climate box
set up at a temperature of -60° C, +100° C, +150° C and +200°C were
subjected to shear and stress loads. In addition a second surface
mirror (silver) was glued between two small aluminum blocks with
XR-6-3489 and tested for tensile strength at room temperature.

The results of these tests are recorded in Table 15.

TABLE 15 Tensile and Shear Strengths of Adhesives at
Various Temperatures

Adhesive Temp. Tensile sErength Shear streggth
oC kp/4 cm kp/4 cm
- XR-6-3489 + 100 86, 0 | 17,7
XR-6-3489 + 150 43,8 : 25, 6
XR-6-3489 + 200 ‘ 42,0 28,17
XR-6-3489 - 60 250, 0 45,5
SilGel 2000 + 100 - 35,5 7,0
'SilGel 2000 + 150 ' 23,0 17,2
5i1Gel 2000 + 200 L - 23,3 12,0

'SilGel 2000 60 ~205,0 -

TR
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3.23 Changes in Transmission of Optical Adhesives by UV Radiation

To measure the transmission degradation of adhesives by UV
an adhesive sample 6 mm thick was partially covered by a cover
glass with a UV filter layer and irradiated. Before and after the
UV radiation, the transmission was measured with a spectral photo-
meter. The Zeiss spectral photometer was equipped with a double
monochromator MM 12. A built-in UV fluorite prism assembly per-
mitted measurements of 0.2 to 2.5a. |

«+ The UV radiation was accomplished with a UV standard lamp

(250 W) from Philips (type no. 126066), a rectifier and built-in
ignition coil from the company of Dr. Ing. Jovy, Leer/Ostfriesland
(type ZUV 250 EB). The UV spectrum is formed of a continuum and
lines and, especially in the very near UV region, deviates rela-
tively little from the solar spectrum (Fig. 12). The manufacturer
guarantees a constant yield for at least 2000 hours. To be certain
the lamp was checked before and after the long usage. The depen-
dency of the intensity on the distance between the lamp and measure-
ment point was measured.

In order to make a logical comparison for the UV radiations
of the stimulator radiation with the actual radiation from the

sun, the concepts of equivalent UV solar constants and equivalent

UV sun hours had to be defined.
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Definitions:

1) An equivalent UV solar constant is that integral
intensity between 0.2 and 0.4us which is equal to the
integral intensity of the sun's radiation between 0.2
and 0.4 (near UV) outside the earth's atmosphere
(near the earth = 1 AE distance from sun).

2) An equivalent UV sun hour is that integral energy
flux between 0.2« and 0.4« which equals the energy
“flux of the sun integrated in one hour (between 0.2«
and 0.4 4 ) outside the earth's atmosphere.

As one can deduce from Figure 12, during utilization of a
wave length smaller than 0.4x for the upper limit of the UV region
with a UV standard lamp a larger UV constant and thus (with long-
term radiation) more equivalent sun hours than at a maximum wave
length of 0.4 . If one takes, for example, 0.3« as the upper
wave length limit, an equivalent UV solar constant larger by

about a factor of four results for the UV standard lamp.

The calibration of the UV lamp in UV solar constants was accom-
plished in the following manner: The density of radiated power of
the lamp at a 1 m distance between 200 mm and 400 mm was known.

The multiplication factor of the power for shorter distances was
derived by the relative measurement of a solar cell (Siemens model

IV). Multiplication of the power density at 1 m distance with
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this factor and division by the actual radiated power density of

the solar radiation near the earth (1 AE sun distance) between 200 mm
and 400 mm produced the calibration of the radiated power density in
equivalent solar constants.

The irradiation of the adhesive\proceded‘in air over 100 hours
at 9.5 UV solar constants. Since no significant UV degradation of
the adhesive was expected for a 25« thick adhesive, an adhesive
thickness of 6 mm was selected. The adhesive sample (40 x 40 x 6 mm)
was partially covered by a cover glass with a UV filter layer and
irradiated, whereby the sample heated up. The transmission curves
before and after the irradiation, measure at points with and with-
out a cover glass, are shown for adhesive type XR-6-3489 in Figure 13.
It is apparent that the transmission loss is small and, thus, that
it is small enough to be ignored for the 25 thick adhesive layer
in the solar cell module. (Of course, a conversion of the trans-
mission loss from a 6 mm sample to a 254 layer by simply dividing
by 240 is not correct since the adhesive does not degrade homogene-
ously, but breaks down chiefly on the radiation side). However,
ﬁhe unprotected part of the sample shows a very high degradation
(Figure 13) which cannot exclusively be attributed to clouding,
but is caused by the surface becoming crusted (Figure 14). Behind

the cover glass, though, the adhesive remained clear and smooth.
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13 Transmission in the adhesive before and after UV irradiation

(Figure continued on p. 4la)
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Such a crust was only encountered for UV irradiation in air with
an unprotected adhesive. It did not occur for UV irradiation in a
vacuum (1000 h xenon lamp at 1 solar constant or during long-term

testing in a thermal vacuum (without irradiation).

3.24 Cover Glass Assembly

For the usual cover glass'assembly the adhesive XR-6-3489,
which proved to be the best for high temperature applications,
exhibited certain difficulties with the reproducibility of the
adhesive thickness (dosage at higher viscosity) and the leakage
behavior. Thus, a new method was developed for bonding the cover
glass to solar cells, and a device was built which made it possible
to bond together cover glass and cell without having surplus adhesive
leak over the glass surface and which assured a sufficiently repro-
ducible adhesive layer thickness. A cover glass is set into a
positioning device and held tight by means of a suction Stub. A
stamp applies the required amount of adhesive to the cover glass
(Fig. 15) A bell is set over the adhesive covered glass and evacu-
ated (Fig. 16). Thereby, the already degassed adhesive is again
degassed and flattened on the glass. Furthermore, a solar cell is
set into a mounting in another glass bell (to which the silver
mesh lug on the grid strand is already welded (Fig. 16). The bell

over the cover glass is pressurized, removed and replaced by the
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Fig. 14 Adhesive sample (type XR-6-3489) after UV irradiation
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bell with the solar cell. After the evacuation of this bell the

solar cell is set down, free of bubbles, on the cover glass prepared
with adhesive by means of a universal wall entrance (Fig. 17). After
pressurizing the apparatus the cell fitted with a cover glass is put
in a mounting and heated by an infrared emitter to harden the adhesive
(Fig. 18). The thickness of the layer produced by this method amounts

to 25 T 5,.

3.3 Non-optical Adhesive

Various adhesion techniques with non-optical adhesives were
to be investigated. Preceding tests on cover glass bonds with
optical adhesives permit one to say that at higher temperatures
(above 200° C) most optical adhesives are unsuitable with respect
to stability and transmission.

According to the original demands for the Helios experimental
program, though, the solar cell modules were to endure high shock
temperatures. For this reason, correct, new adhesion techniques

had to be found.

‘The possibility offered itself for the solar cell of utilizing
the silver grid surfaces, which as a matter of course do not effect
the effective light surface of the solar cell, as adhesive surfaces.
Thus, a method had to be found to wet the silver grids with adhesive
so that no other surface parts would be contaminated with the opaque

high temperature adhesive. For this, a covering template was used
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which possessed openings through which the adhesive comes to meet
the silver grid. 1In contrast with techniques with transparent
adhesives which cover the entire surface of the solar cell, for

the partial adhesion attachment of the cover glasses to the metal
grids a primer can be used. The reduéed adhesion surface is thusly
compensated by a higher specific cohesiveness.

In order to avoid the expense and delay of a completed adhesive
spraying apparatus which can spray all sorts of adhesives (most
varying viscosities), a commercial adhesive in spray cans was tried.
According to detailed information from the leading producers, it
was found out that the special high temperature adhesive we wanted
was not available in spray cans. Therefore, we fell back on a common
adhesive delivered by the 3M Company in spray cans (type: spray
adhesive 77).

The basic determination that the experiments were to make,
was not affected by this since With the proper application the
specified silicon adhesive could also be used in the spray technique.
The adhesive was sprayed on the solar cell grid through templates
and finally stuck to a cover glass after the emplate was lifted off.
Vaporization templates for the Siemens solar cell grid served as
our templates. To measure the separation strength a spring scale
with a maximum reading of 2.5 kp was selected. The underside of

e

the solar cell was glued with rapid adhesive, corresponding to the
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load direction (shear or tensile test) to the aluminum surfaces
designed for this. 'Separation plates' corresponding to shear or
tensile loads were glued to the cover glasses.

Table 16 shows the result of the separation tests. Apparently,
there were good values for the adhesive stability with the specially
used adhesive. No leakage problems appeared during the spray tech-
nique since the positioned template did not touch the surface of

the cells.

3.4 Cover Glass Assembly by Thermodiffusion

A way to connect the solar cell and cover glass without the use
of an organic adhesive was sought. On the basis of the results of
primary investigations on thermodiffusion (Ref. 1), it was expected
that this type of connection could also be used for attaching cover
glasses to solar cells. To this end the connecting parts must be
bonded under pressure and at high temperature. The temperature
needed for the connection lies at ca. half of the melting temperature
of the metal to be connected. In order to connect the cover glasses
with the cells a +Ti — Ag layer was coated on the cover glasses
(at Siemens). For the first experiments the glasses were coated
on the entire surface and untempered cells were used. Later the
grid structure with two additional zones of ca. 2 mm? was coated
to the cell and cover glass with a modified template (at Siemens)

(Figures 19, 20).  The additional coating zones somewhat eased
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the positioning difficulties, which were caused by the very small
grids.

The necessary diffusion temperature was reached in an electric-
ally heated oven. The cover glass and solar cell were placed in
this oven such that they were pressed together by a weight on
top of them. The pressure was produced by a weight which was
transmitted to the pressure plate by ceramic tubes (Fig. 21).

In order to prevent an oxidation of the silver surface at the
necessarily high diffusion temperature, the thermodiffusion was
run in a buffer gas atmosphere (argon, nitrogen). 1In order to prevent
great losses of heat the gas pressure was kept at ca. 1 torr. After
heating the oven ca. 30 min. to the desired temperature (between
400° C and 600° C), the temperature was maintained for ca. 30 min.
the? cooled in ca. 30 min. The pressure between the cover glass and
solar cell amounted to between 2 kp and 5 kp. The separation tests
produced quite varied adhesion between the cell and the glass (0-23,
4 kp, cf. Table 17). The pull was here perpendicular to the cell
and/or glass surface. For this, the samples were glued between
aluminum blocks with clamps. For the cell with’the highest sepa-
ration strength (23.4 kp) the stress was held for 3 min. at 20 kp.
Figures 19 and 20 show the cell and cover glass after the separation

test., (Adhesion occured at the solder strand since for these special

tests no cover glasses with holes for later soldering were used.)
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Basically, the experiments showed that a good connection is
possible by thermodiffusion, but that still other research is
necessary. In particular, the accuracy of positioning, which is
important in the adhesive stability, must be increased, and the

method must be made more practicable.

3.5 Losses through Non-optimal Index of Refraction Transitions

between the Cell and Cover Glaés

Because of the poor optical transition between the cover glass
and solar cell, the cover glass connection by thermodiffusion or
with a non-optical adhesive causes a lesséning of the degree of
effect of the cell. At Siemens the quantum yield of solar cells
was measured, without cover glass, with'glued cover glass and with
a non-attached cover glass lying on the cells (Figures 22 and 23).
Table 18 shows the corresponding short-circuit currents and their

degradations (Power degradations are somewhat smaller).

TABLE 18 Cell Degradation bj Cover Glasses

e e e s

o - Shdrt;éiréuif‘current'(mA)
KurzschluBistrom (mA)

| ohne Deckglas ?%ﬁhggﬁﬁﬁg %?Vegnﬁy%gge&Pose |
wlthout cover Deckeglas glass Decksl
glass =oxg é%vé%aglass
- XR-6-3489
270 Z 138 142,3 137,8(- 3,2%) - -
270 Z 133 141,17 138,0(- 2,6%) -
270 Z 128" 140, 9 137,2(- 2,6%) -
270 7 151 140, 4 137,1(~- 2,3%) -
259 T 177 138, 4 130,1 (- 6,0%)
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4, HIGH TEMPERATURE FOILS

4.1  Selection of Foils

The following foils were considered as supporting foil for the
solar cells, for the electrical return circuit and as insolating
foil:

- GfK (Mica Corporation)

- Milclad (Riegel)

- Kapton (Riegel)

The selection criteria for these foils are:

- high temperature stability

- good vacuum stability

- good isolation characteristics

- suitability for copper lining

- good adhesive base for bonds

- little weight

The foils used were partially already delivered from the

producer, a copper-lined connection foil.

4.2 Tests on Foils

The foils just cited were set out in a temperature between
200° and 450° C at a pressure of from 10“5 to 107% torrs. Table
19 shows the weight losses.

GfK foil survives 200° C without large weight loss, at 300° a

large loss of weight already occurs. At 400° C the Cu foil separated
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TABLE 19

Weight Losses of Connection Foils in the Thermal Vacuum

- Gfk copper-lined fZOftCu, 70 4 GIK

T 24 hougs at “éoogc | 0,68 %
72 300°C 10,47 %
72 " 3009C + 24

" " T 400%C 13,36 %
24 " 200°%C 0,77 %
+72 " 300°C +.9,69 %

+24 " 400°C + 2,24 %

' Milclad copper-lined 35ﬂqu, 76 m Milclad

"'24. hours at 200°C 0,6
o4 M 250°C 1,97 %
6 " 3000C 4,65 %
& 350°C 22,5 %
5 Minutes at 400°C 17, 88 %
5 " 450°C 26,92 %

Kapton foil gépper?iined;SSfLCkg'76fLKApton

" 94 hours at 200.C, 0,8 %
24 " 200°C and 3¢ -

‘ hours at '3oo°c + 3,3 %

g4 hours at - 300°¢ + 3,1 %

410. 240°C 1,6 %

from the GfK foil since this latter had almost lost all the
epoxide and consisted almost solely of a glass fiber structure.
Milclad foil contracts already at 200° C and carbonizes at 450°

Cu-lined Kapton foil proved to be very stable. Up until 200° C
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no foil changes could be determined. The 0.87% weight loss which
occurs seems, apparently, to be caused by weight loss of the adhe-
sive between copper and Kapton. At 300°C bubbles formed in the

copper, which could be attributed to a vaporization of the adhesive.

The Rapton foil itself showed no change at 300°C. The cause of this’

limited temperature stability is the fact that, up to the present,
commercially prepared Kapton - Cu connection foils have always

come with polyester adhesive layers. (Cu - Kapton connection

foils without intermediary adhesive layers are under development).
Since type XR-6-3489 (Ch 3) was found to be a thermally very stable
adhesive, the production of Cu-Kapton foils with this very adhesive
suggested itself. Good results were achieved when a thin layer of
adhesive XR-6-3489 was applied to a sand-blasted 25, Kapton foil;
annealed, purified 50y Cu foil was pressed on, degassed and then
brought into the air to harden in a pressed condition at 150° ¢
{for ca. 30 min.).. This self-made type of connectidn foil was
later used for the test module and functioned well in the thermal

transit time test (180° C, 260 h, 1076 torr) cf. Ch. 5 and 6.

4.3 Process for Fabrication of Modules

After determining the form of the current return circuit,
the conductor channels were photolytically etched on the various

types of connection foils. After bonding an insolation foil

R
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(non-interlaced Mylar or Kapton'foil) over the current return cir-
cuit by means of a hot press on the Cu side, the solar cells welded
together in a module are bonded in a vacuum. The electric connection
between the current return circuit and the module is made by welding
the silver mesh to the module ends with the Cu conductor channel,

see Figure 24,

4.4 Conclusion

Kapton appears to be the most suitable foil for the production
of the module. At temperatures uﬁder 200° C the marketed Kaﬁton - éu
connection foil (cf. 4.2) utilizing the silicon adhesive XR-6-3489.
Detailed experiments for a suitable production process for larger

surfaces have not been undertaken.

5. MODEL MODULE

5.1 Module Construction (Production Process)

Previously, the following successive steps served in building
the module: checking input of the solar cells, placing the cells
together in pairs (matching), soldering the submodules to modules,
cover glass bonding (simultaneous for all cells of the module),
measuring the module, bonding the carrier foil with the current
return circuit to the module. The leakage of superfluous adhesive
on the cover glasses, especially with the selected high temperature

adhesive XR-6-3489, could not be prevented. Also, because an
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incorrect mounting of a cover glass, the entire module had to be
repaired. In order to prevent this a new process was developed for
bonding the cover glass. The resulting fabrication series for the
module is as follows: |

-input check on the solar cells

-welding silver mesh to the grid strands

-bonding of cover glass (to individual cells)

-measurement of the cells covered with a cover glass

-sorting the cells after the short-circuit current

-matching the module cells

-welding together to a module (welds on the back sides of

the cells)

- measurement of the module

-welding the end connectors of the module to the current

return circuit.

The device mentioned for the bonding of the cover glass and
the resulting fabrication series for the module had significant
advantages over the previously used module fabrication.

-lessening of the leakage problem of adhesive (thus, no

difficulties with cleaning)

- the adhesive layer thickness is thin (2§M) and more easily

reproduced (25 T 5,)

-no difficulties in positioning while bonding the cover glass
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-no difficulties when replacing cells (on account of glass
or cell breakage during the cover glass assembly)

- The cells were measured and put together after the cover
glass bonding. This eliminated changes in the short-circuit
current by the cover glass bond (match losses)

-The rate of breakage in solar cells during production of

the module was decreased.

5.2 Construction of Model Modules

The following summary reproduces the individual components of
a solar cell module whose characteristics permit the application
at temperatures over 200° C.

The series repeats the steps of the construction:

1. Welded solar cells (Ag mesh: 2A65-6/0. Exmet Corporation)

. 2. Cover glass (Heraus) and‘adhesive (XR-6-3489 Dow Corning)

3. Adhesive (XR-6-3489 Dow Corning) and Kapton - Cu supporting

foil (bonded with XR-6-3489 Dow Corning, cell distance 0.3 mm)

4. Adhesive (XR-6-3489 Dow Corning) and Mg sheet as support

(AZ31 with Dow 17 corrosion protection layer, 0.4 mm thick).

Several modules with 12 cells were built from the components
mentioned above for demonstration purposes (Figures 24 and 25);
further, 6 modules with 4 solar cells each were built for test
purposes (Figure 27) and a modple with 2 solar cells and 2 second

surface mirrors was produced for heat balance measurements (Fig. 28).
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28 Module with 2 solar cells and 2 second surface

for the heat balance measurement
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Figure 26 illustrates the steps for the construction of the glass-
covered solar cells as they are put together in a module. 1In
Figure 27, moreover, one can see the behavior for the direct

connection of two cells during welding.

5.3 Tests on Model Modules

The following tests were made on solar cell modules of 4
cells each:

climate test

thermal vacuum

thermal shock

vibration

The electrical characteristics (short-circuit current Jy,
no-load voltage Uj, of the test module were measured at the standard
measurement location (W-lamp with momentary illumination of the
module by means of a movable slit diaphragm to avoid temperature

changes) before and after the tests.

5.31 Climate test

The specifications are reproduced in Table 20.
After the test the module showed no mechanical or visual
changes. The elecrical properties (short-circuit current Iy,

no-load potential UL> remain the same.

Before the test: Ig = 226.5 mA, U = 1.134 Vv
After the test: Ix = 226.3 mA, Uy = 1.134 Vv
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TABLE 20 Climate Test
i
Running Temp. Temp . Relative :
time dry ther- wet humidity
(h) mometer thermom.
(°C) (°c)
0 RT -— - Stored
0, 25 + 40 " 36,5 80 - Ideal value reached
25 + 40 36,5 80 New ideal value set
25,75 - 30 - -- Ideal value reached :
47,17 - 30 - -~  New ideal value set %
48,7 + 40 36,5 80 .
71,6 + 40 36,5 80 New ideal value set
72,3 - 30 - -
95,8 - 30 J— -~ Simulation finished,

specimen stored.

5.32 Thermal vacuum

o
Length 210 hours, Temperature 180 C

Pressure 10"6 torrs

The modules showed no mechanical or visual changes after the
test. The electrical properties and the weight also ermained

practically unchanged:

First module:

Before the test: Ig = 232 mA, Up = 1,134V, G = 5.0358 g

After the test: Ix = 227.4 wA, U = 1.149V, G = 5.0350g
Second module:

Before the test: IK = 171.8 mA, Uy = 1.134 V, G = 5.93% g

After the test: I, =173.6 mA, U, = 1.116 V, G = 5.0386 g

o
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5.33 Thermal Shock

The test was accomplished by submerging the sample in liquid
nitrogen (-196°C) and, after temperature adjustment, directly in
water at +80° C. After 20 temperature cycles the model showed no
mechanical or visual changes. Changes in the electrical properties

also are inside the region of measurement error:

Before the test: Iy = 219.9 mA, U = 1.134 Vv

After the test:; - I

K 218.6 mA, U, = 1.131 V

L

5.34 Vibration

A test module was loaded in the z-direction (perpendicular to
the module surface), a- and b- directions (parallel to the module
sides) with sine and random vibration according to the specifications:

a) sine oscillations, 2 octaves/min, always % cycle with 2 octaves/min.

z-axis:  from 10 - 67 Hy with t2.5¢
67 - 100 Hyp with 15 g
100 - 500 Hy with 22.5 g

500-2000 Hy with 7.5 g

a- and b~ axes, each time from 5 - 13 Hz with l 6.85 g
13 - 400 Hz with 4.5 g

400 - 2000 Hz with 7.5 g

b) random vibration, 0.07 h2/H2 power density, a-, b-, and z- axes,

each for 4 minutes in the frequency band

20 -2000 Hz with 11.8 grms.
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The module showed neither mechanical, visual, electrical,

nor any kind of changes:

Before the test: I 241.9 mA, Up = 1.146 V

K
After the test: IK

1.142 v

241.9 mA, U

6. INVESTIGATIONS ON THERMAL BALANCE
6.1 Test Module

a) Module with 2 solar cells and 2 second surface mirrors
(55 m of 1504 quartz/silver of 2 x 2 cm) see Figure 28. The fabri-
cation was shown in 5.2 (but without electrical connector) with
additional blackening of the module back side {(black lacquer type
PT-404A high heat coating). The.second surface mirrors are described
in Ref. 3.

b) Module with 4 solar cells, see Figure 27. The fabrication

proceeded as described in 5.2 (but without electrical cell connector)
with additional blackening of the back side of the module (black
lacquer type PT-404A high heat coating).

A thermoelement (copper-constantan, 0.2 mm wires) was welded to

the front side of the module (on the grid strand of one of the four

cells, a second was bonded to the back side of the module (i.e.,
to the Mg alloy sheet). Connections were made on one cell to measure

the short-circuit current and no-load potential during the tests.

R
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6.2 Test Setup

The modules were built into a vacuum chamber (Figures 29, 30)
and isolated from the heat. The electrical leads for cells and
thermoelements were vacuum sealed and led outward. Behind the module
and to the side was a blackened LN, cooling jacket. The high solar
constants were produced by a xenon high éressure lamp (6.5 KW) from
the Osram Company and a Bosch solar simulator (cf. Ref. 3). The
matching of the xenon spectrum to the sun spectrum was attained

with a suitable filter.

6.3 Calibration of the Solar Simulator

On the basis of previous testé (cf. Ref. 3) and chiefly for
reasons of time the earlier calibration values were taken on. At
the end of the tests a final calibration was undertaken with a
calibration instrument finished at that time with a solar cell
(type V) (especially for very high insolations) and the values used
previously were corrected. The calibration for a solar constant was-
accomplished with a Heliothek calibration cell. By the proportion-
ality of the short-circuit cufrent of the solar cells used and the
insolation, the size of the insolation could be measured accurately

to ca. 5%.

6.4 Result

Table 21 and Figure 31 show the equilibrium temperatures
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obtained for the various insolations from 0.5 to 19.6 solar constants.
The temperature difference between the front and back side of the mod-
ule (Ty - TR) remained small. The size was small and increased

with the temperature. It was determined as follows:

In the heat equilibrium (ignoring the radiation from LN ambient

whereby & = Absorption capacity of the module front side
(for solar light)
Ev = Emission capability of the module frontside
' (thermal radiation)
ER = Emission capabiiity of the module back side
(thermal radiation)
Ty = Temperature of the module front side
IR = Temperature of the module back side
& = 5,67 - lO-12 W/cm2°K4 (Boltzmenn's radiation
constant
So = 0.140 W/ cm? (solar constant)
n = number of radiating solar constants
. TVHT
with T = “JR' -one obtains approximately
B P 2 : X )
GT* ~ -11 T4 ;.
TRE T /(e,+E5)= 4,05 * 10 —
| . Eé‘ Evt&e
§ with 2 o B
o 4
| ot : -11 T
| then & _ 8,1 10 11
€ n . -

For the pure solar cell module one obtains, according to

Table 21, S~ 0.6.

€

Since for pure second surface mirrors Z";}; 0.1
£




7

. 0.1
a value of‘ifas Qwé~§——~— = 0.35 is to be expected for the mixed
(=4

module, whereby the result of Table 21 is consistent.

Basically, one can say that the £ values of a module and, thus,

e
the equilibrium temperatures are dependent on the cleanness of the

SSM (no adhesive remnants after the assembly!), the heat transfer
resistivities between cell or SSM and the carrier sheet, the distance
between cell and SSM ('E = 1 for évacuated spaces'!) and, naturally,
the relationship of the surfaces covered with the SSM and the sur-
faces covered with solar cells. All these parameters can be experi-
mentally changed and refined. With the technique used here for the
construction of mixed modules, it is already possible to keep the
temperature under 200° C in an insolation of 10 solar constants

(cf. Table 21) Of course, the selected distribution of cells and
SSM's in the thermal limiting conditions does not correspond to

any section of solar cell panel. Further studies are necessary

for this.
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TABLE 21

Measurement Values for the Thermal Balance Tests

t t T T To-T,  T.%1c8

v R v R R %? n (sk) Comments

°c % °k % ° |
-29  -26 244 247 245,5 36 0,582 0,5 M?iglet
+20 420 293 293 293 73,6 0,543 1,1 W§SM?U
114 110 387 383 385 219,2 0,538 3,3
258 245 531 518 524,5 754 0,586 10,4
361 336 634 609 621,5 1490 0,615 19,6

‘ Module

-62 -59 . 211 214 212,5 20,23 0,33 0,5 ..o
-12 -13 261 260 260,5 46,1 0,339 1,1  ggy

79 72 352 _ 345 348,5 146,4 0,359 3,3
202 188 475 461 468 . 482 0,375 10,4
290 268 563 541 552 925 0,382 19,6
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